A composite of Ti6Al4V reinforced with CoCrMo particles is fabricated by conventional powder metallurgy and semi-solid sintering. Composites are fabricated by mixing 20% wt. of CoCrMo reinforcing particles into the Ti6Al4V matrix. Sintering is studied by dilatometry tests between 1050 and 1130 °C and compact characterization is performed by SEM and XRD. Microhardness is evaluated on the polished surface in order to obtain the mechanical properties. It is found that densification is achieved by the formation of a liquid phase due to a eutectic point formed by the Ti and Co at around 1130 °C. Composites with 93% of relative density are obtained. Their microstructure is composed by the Ti6Al4V matrix surrounded by a Ti 2 Co phase. Average microhardness of composites is higher than that obtained for monolithic samples of both alloys. It is assessed that the control of the liquid phase is the key to obtain highly dense composites that could be used as dental or orthopedic implants.
Introduction
Nowadays Ti based alloys and Co based alloys are the materials more commonly used to fabricate biomedical implants [1] [2] [3] [4] . Existing researches on the subject were focused on tailoring the mechanical properties of the Ti6Al4V alloy to those of the real bones 5, 6 . In order to reduce the stress shielding and to improve the citocompability, materials with large pores were developed by using different fabrication techniques [7] [8] [9] where space holder [10] [11] [12] and additive manufacturing [13] [14] [15] are the most promising. Nevertheless, the wear properties of the Ti6Al4V alloy are relatively low, thus, several works were dedicated to improve the surface properties. In order to overcome this disadvantage, coatings of harder materials were realized [16] [17] [18] . However, the adhesion and elastic modulus mismatch between the coating and the Ti6Al4Vcould lead to delamination or cracking, which generates doubts in their use on a long term. Other works, dealing with improving wear properties, developed composites materials based on the Ti6Al4V alloy with ceramic reinforcing particles, which presented good results, improving up to 2 times the hardness of the Ti6Al4V alloy [19] [20] [21] [22] . On the other hand, CoCrMo alloy is used to fabricate medical implants such as hips, knees, ankles and bone plates because of its high fatigue, wear and corrosion resistance [23] [24] [25] [26] . Most of CoCrMo devices are fabricated by casting, however materials processed by powder metallurgy have shown similar properties and even higher when the alloy is enriched by micro alloying elements 27, 28 . The main disadvantage of this alloys is its weight, compared with that of the human bones and the Ti alloys. With the aim to reduce the stress shielding, graded porous compacts of CoCrMo were fabricated by laser engineered net shaping (LENS), nevertheless the values of Young's modulus found by España et al. 4 are still higher with respect to the cortical bone.
Recently, alloys of Ti-Co were designed for dental applications because of the lower melting point in comparison to the Ti6Al4V and the CoCrMo, as well as the higher values of hardness and good stability of such alloys [29] [30] . Based on the Ti-Co binary phase diagram, eutectic reactions may occur above 1020°C, depending of the weigh percent of Co 31 . Even though those alloys have a lower melting point, processing by casting involves a cooling inside a mold that will require further post processing steps to obtain the final part. To overcome this disadvantage, powder metallurgy (PM) technique offers a good alternative to obtain compacts by semi-solid sintering. This method was successfully used to produce aluminium and magnesium alloys 32 . Just a few works were devoted to study the semi-solid sintering of Tialloys mixed with elements like Fe, Co, Nb and Al 33, 34 . They found bimodal microstructures with superlative compressive strength and plasticity. The major complexity of this method is to control the eutectic solution created during the thermal cycle because the viscosity of the eutectic liquid is reduced as the temperature and/or sintering plateau increases. This is detrimental for the distribution of the secondary phase created, as well as for the final shape of the compact. The objective of this work is to study the semi-solid sintering of Ti6Al4V/20%CoCrMo composite by dilatometry in order to assess better conditions to control the eutectic reactions and evaluate the microstructure and mechanical properties as a function of the sintering conditions.
Materials and Methods
Atomized prealloyed Ti6Al4V and CoCrMo metal powders with spherical particles smaller than 45 µm, see Figs. 1a and 1b, produced by Raymor, Quebec, Canada and SANDVIK Osprey™, Sweden, respectively, were used to fabricate a composite. CoCrMo was added in 20 wt% with respect to the Ti6Al4V powders and were mixed in a Turbula during 30 min in dry conditions. In order to observe the distribution of CoCrMo powders, the mixture was poured into a quartz capillary of 1mm internal diameter. Next, a 3D image was acquired with a Zeiss 510 Xradia Versa computerized microtomographer (CMT. 1600 projections were taken around 360° of the sample with a CCD camera of 1024x1024 pixels with a voxel resolution of about 1 µm. Fig. 1c shows a 2D virtual slice of the mixture and Fig. 1d shows a 3D rendering of mixture in where can be noticed that CoCrMo particles are randomly distributed in the mixture. After the mixture of the powders, 1 % wt. of polyvinyl alcohol (PVA) was added as a binder. Next, the mixture was poured into an 8 mm diameter stainless steel die and pressed at 500 MPa using an Instron 1150 universal machine to obtain cylindrical compacts of 4 mm height. Next, the PVA was thermally extracted by a slow heating at 5 °C/min up to 500 °C with a dwell time of 40 min in argon atmosphere. Afterwards, each compact was sintered in a Linseis L75V vertical dilatometer in the range of 1000-1130 °C with a dwell time of 5 min in argon atmosphere. The heating rate varied during sintering, from 500 to 1050 °C 20 °C/min was used, then from 1050 °C up to reach the sintering plateau, the heating rate was 5 °C/min. This measure was taken to ensure that the temperature reached during the thermal cycle was close to that desired because the inertia of the furnace can increase by 10 or 20 °C the temperature when higher heating rates are used. The weight density of every sintered compact was calculated from mass and dimension measurement.
The sintered samples were cut and surface-polished with SiC abrasive papers and alumina powders (until 50 nm particle size), successively for SEM observation. The microstructure was observed with a Tescan MIRA 3 LMU field emission scanning electron microscope (FE-SEM). Samples were directly observed without any conductive coating and the acceleration voltage used to acquire the FE-SEM images was set at 20 keV by using secondary electrons. The crystalline structure was assessed by X-ray diffraction (XRD) using a PANalytical Empyrean difractometer. The XRD patterns were obtained by using the K alpha copper radiation with an energy of 30 kV and 30 mA, with a step size of 0.2 and a time step of 1 s in the range of 30-90°. Finally, a micro-hardness evaluation was performed on cross-sectional polished surfaces via a micro-hardness tester from Mitutoyo MVK-HVL with a load of 10 gf and a dwell time of 15 s. Indentations were made on the different phases obtained after sintering process.
Results and Discussion

Dilatometry
Global density can be obtained from:
Where ρ is the density, m and V mass and volume of the compact. Assuming that m is constant during the whole sintering cycle the instantaneous density can be calculate as: (2) In where the subscript "i" means instantaneous density and volume, respectively. The instantaneous volume depends on the densification during sintering and it can be estimated from the dilatometry data, in where, the radial displacement is assumed to follow the same variation as the measured 
axial one, with a corrective factor being the final axial to radial shrinkage ratio. Thus, the instantaneous volume can be obtained from:
In where Δl and Δd can be measured at any instant during the thermal cycle. The relative density is defined as the weight density of the compact divided by the theoretical density of the fully dense Ti6Al4V/CoCrMo composite at room temperature, which was calculated by using the mixture law:
Where ρ i and f i are the theoretical density and the volume fraction of component i. Therefore, the relative density can be estimated during the complete sintering cycle as follows: (5) Relative density as a function of the temperature during the whole thermal cycle is shown in Fig. 2a . It can be observed a small increase of the density around 500°C that is due to the elimination of the PVA. Next, around 900 °C the solid state sintering between Ti6Al4V particles is noticed by a continuous increment in the relative density till the sintering plateau is reached. During the plateau, a linear increase in the relative density is observed. Finally, a linear increase in the relative density is due to the cooling stage of the thermal cycle. It can be clearly noted that relative density progressively increased as the sintering temperature is raised. However, when the sintering temperature reached 1130 °C a sharp increase is detected, by increasing the final relative density from 83% at 1120 °C up to 93% at 1130 °C. This indicates the formation of the liquid phase that can fill the interparticle pores that remain interconnected. This liquid phase is obtained due to the eutectic point formed by the combination of Ti and Co that leads to the Ti 2 Co eutectic phase, as it is indicated in the phase diagram of both elements 31 .
The instantaneous densification rate D o can be estimated as follows 35 : (6) Where D i is the instantaneous relative density at time t i (s), for and interval of t i -t i-1 of 3s. Fig 2b shows the densification rate as a function of the temperature during the densification stage, which started around 700 °C. Between the beginning of the densification and 1050 °C similar behavior is noticed in all samples. That means an increase of the densification rate, which could be associated to the rearrangement of the particles inside the packing before 850 °C. After that, a small decrease in the densification rate is noticed between 850 and 870 °C, which can be associated with the Titanium crystalline phase transition from α to β. Then, an increase in the densification rate is noticed till around 940°C, which confirms the end of the transition to β phase. Next, a linear increase in the densification rate is noticed up to 1050 °C, which is associated with the solid state sintering and the start of the formation of the eutectic phase. Then, samples sintered at higher temperatures than 1050 °C, shows a decrease in the densification rate, that is logical since the heating rate is reduced from 20 to 5 °C/min. Nevertheless, the sample sintered at 1130 °C shows a sharp increase in the densification rate at 1125 °C indicating that a liquid phase is formed. The densification rate increased around ten times between 1125 °C and 1130 °C.
In order to estimate the activation energy during sintering it should be taken into account the fact that the formation of the eutectic phase will induce the viscous flow to redistribute the matter inside the compact, in where the viscosity is directly influenced by the sintering temperature. The first 
In where Δl/l 0 is the axial shrinkage of the compact, γ the surface energy, η the viscosity of powders, Ø the particle diameter and t the time. Viscosity follows an Arrhenius relationship over a range of temperatures as follows: (8) In where η 0 (Pa·s) is a viscosity coefficient, Q activation energy, R universal gas constant (8.314 J/mol) and T the temperature (K). Equation (8) is possible to be written as 35, 37 : (9) Assuming that ln((3γ)/(4Dcη 0 )) are constants of powders, the Arrhenius plot (ln(d(Δl/l 0 )/dT) vs 1/T) for the sintered samples between 1000 and 1130 °C can be plotted as shown in Fig. 3 . To calculate the value of Q, a linear regression is performed, and the value of the slope of the points corresponds to Q/R. In Fig. 3 is clearly observed a break point of the straight line at around 1100 °C. Because of that, the data were separated in two slopes, above and below 1100 °C, thus, two activation energies were estimated. The first one Q 1 252 kJ/mol, is in agreement with the values reported for volume diffusion mechanisms during the solid state sintering of the Ti6Al4V alloy 38 . This indicates that shrinkage in temperatures lower than 1100 °C is driven by the formation and growth of necks between Ti6Al4V-Ti6Al4V particles. Contrary, the estimated Q 2 (670 kJ/mol) is much higher than Q 1 , which indicates a change in the diffusion mechanism. There is a possibility that the higher activation energy is due to the reaction generated by the formation of the eutectic phase as well as for the reduction in the viscosity of the liquid formed.
Higher values of activation energy were found in ceramics systems, which are caused by the addition of titanium and zirconia in order to dope alumina powders 39 . Nevertheless, no report about this behavior has been found for the Ti-Co system. Even if the active diffusion mechanisms during the densification are not clear yet, it can be established that above the temperature of 1100 °C densification is driven by the semi-solid state of the eutectic phase. Fig. 4 shows the microstructure of composites sintered at 4 different temperatures. Fig. 4a presents the sample sintered at 1050 °C, in which is possible to notice that CoCrMo particles are no longer spherical. This is because a decomposition of the initial particles occurs by diffusion of the Co on the surface of the Ti6Al4V particles. It can also be observed the formation of interparticle necks between Ti6Al4V particles due to the solid state diffusion. However, interparticle pores remain in the microstructure because sintering is in the initial stage. Fig. 4b shows the microstructure of the sample sintered at 1100 °C and it is noticed that CoCrMo particles (the white surfaces in the image) reduced their size and completely changed their shape. It can be clearly observed in the figure the Ti6Al4V particles (dark grey) and a reaction zone around the CoCrMo particles (light grey), which corresponds to the eutectic phase formed by the diffusion of the cobalt in the titanium. The eutectic phase spreads around the Ti6Al4V particles but the composite still presents some large pores. By increasing the sintering temperature at 1120 °C, Fig.  4c , it's observed that the eutectic phase increases and interparticle pores diminished, although the center of the CoCrMo particles it's still visible in the microstructure. In the case of sintering at 1130 °C, Fig. 4d , the CoCrMo particles cannot be distinguished anymore because the eutectic phase forms a liquid that can fill most of the porosity, but some large pores still remain in the composite. Such pores could be created during the packing and they are difficult to fill by liquid phase.
SEM observation
With the aim to confirm the formation of the eutectic phase and the distribution of the phases on the observed surface, an EDS elemental mapping of the Ti and Co was performed, Fig. 5 . In Fig. 5a is shown a CoCrMo particle surrounded by Ti6Al4V particles after sintering at 1050°C. It's observed the decomposition of the surface of the CoCrMo particle and the eutectic liquid like small rivers between the Ti6Al4V particles and at the contacts with the CoCrMo particle. Figs. 5b and 5c shows the distribution of the Ti and Co elements on the surface. It's clearly observed that Co is mainly distributed in the "rivers", meanwhile the Ti element is distributed homogeneously around the CoCrMo particle. The CoCrMo particle looks like a darker zone in the figures, as the surface of the CoCrMo particle is slightly below the analyzed surface and the detector cannot send a good signal. Nevertheless, the most important conclusion 
from images 5 a, b and c, is that the diffusion of Co into Ti starts earlier than predicted by the phase diagram and that the eutectic phase begins to expand on the surface of the Ti6Al4V particles. Fig. 5d shows the surface of the sample sintered at 1130 °C, in which the CoCrMo particles are not visible anymore. The distribution of the Ti and Co on the surface is shown in Figs. 5e and 5f, respectively. It's observed that Ti is predominant mainly in the matrix of the composite meanwhile the Co is concentrated in the eutectic phase, although the Ti is also present in the eutectic phase.
With the aim to assess the composition of the eutectic phase formed during sintering, a line scan was realized along the Ti6Al4V matrix and the eutectic phase, for the sample sintered at 1130 °C, see Fig. 6 . It's observed that eutectic phase is composed of Ti and Co, with a ratio of 70Ti/30Co. It can also be noticed that eutectic phase is localized between the Ti6Al4V particles, which suggest that the diffusion of Co is superficial. With this analysis the diffusion of Cr and Mo is not possible to be detected because of the small quantity of this components. It is assumed that they are distributed in the eutectic phase and probably forming intermetallic compounds.
X-ray diffraction analysis
In order to have a better comprehension of eutectic phase the patterns of the X-ray diffraction are shown in Fig. 7 . Additional samples of pure Ti6Al4V and CoCrMo were sintered at 1260 °C and their diffraction patterns are added in Fig. 7 . For the Ti6Al4V the peaks of the α and β phases were obtained 34 . On the other hand, for the CoCrMo, characteristic peaks of such alloy at the main planes were found (110, 200 and 220) 18 . Composite samples present the main peaks of the CoCrMo and the main peak of α-Ti phase. Samples sintered at 1100 °C and above show the presence of characteristic peak of the Ti 2 Co phase at 42.2°, which is related to the eutectic phase created during sintering 34 . This indicates that first the surface of Ti6Al4V particles is enriched by Co from the contacts with the CoCrMo particles, until the atomic relationship to form the semi-solid solution of the Ti 2 Co is reached and then when the temperature increases above 1120 °C, the liquid phase appears in the microstructure to fill interparticle pores, reaching higher values of densification.
Microhardness
Values of the microhardness obtained on the polished surfaces are listed in Table 1 . In order to have reference values, samples of Ti6Al4V and CoCrMo that were sintered at 1260 °C under argon atmosphere were indented as well as the composite samples. Indentations on the surface of composites were made on the matrix and Ti 2 Co phase, that can be easily distinguished in the optical microscope used in the microhardness tester. With the aim to illustrate the process of microindentation performed on the 2 phases of the composite SEM micrographs are shown in Fig. 8 . It can be noticed that the square-based diamond print of the indenter left on the matrix is bigger than the one left on the Ti 2 Co phase, which indicates that Ti 2 Co is harder than the matrix.
The results of microhardness test taken from the regular samples indicated the value of 350 and 401 HV for the Ti6Al4V and CoCrMo, respectively. This values are in agreement with those reported for both kind of alloys sintered or fabricated by casting 19,40, and 41 . The values of microhardness (HV 0.01 ) found for the Ti6Al4V matrix of the composite, increased 40% with respect to the reference value, from 350 up to 487 HV. This could be explained by the fact that the eutectic phase acts by compressing the matrix particles during densification. It could be also possible that strengthening is achieved during the cooling due to the different thermal coefficients, which generates stresses that improve the microhardness of the matrix, as it was pointed out by Casati and Vedani 42 . On the other hand, the values obtained for the eutectic phase increased as the sintering temperature augmented, indicating a value 2 times larger than the matrix and 1.8 times larger than that of the CoCrMo alloy. The increment of the microhardness is associated to the enrichment of Co in the eutectic phase until it reaches the . This values are in agreement with those reported by Vamsi Krishna et al. 18 for coatings of CoCrMo/ Ti6Al4V produced by LENS technique.
Conclusions
A composite of Ti6Al4V reinforced with CoCrMo particles was fabricated by the semi-solid sintering process and characterized by means of SEM and X-ray diffraction.
From dilatometry tests it was determined the temperature of liquid phase formation, which highly increased the densification of composites, obtaining samples with 93% relative density.
The microstructure evolution as a function of the temperature was observed by SEM images and it was determined the formation mechanism of the eutectic phase and the pathway followed by the liquid to densify the composite. A good distribution of the matrix and of the eutectic phase was demonstrated. This is due to the good distribution of the CoCrMo particles in the initial packing, probably because both matrix and reinforcing particles have similar shape and size.
It was assessed from the X-ray patterns that the eutectic phase is composed of Ti 2 Co intermetallic compound and it seems to be formed at a temperature of 1100°C and above.
The values of the microhardness obtained are higher than those reported in the literature for casting alloy of Ti-Co and also for regular alloys of Ti6Al4V and CoCrMo, which is promising for dental and/or orthopedic implants in where the hardness is important, by assuming the both alloys have a good biocompatibility.
